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1. Introduction {#s0005}
===============

The coronavirus disease (COVID-19) was first reported in Wuhan, China towards the end of 2019, and has since been declared a global pandemic. According to recent [@bb0475] updates (14 August 2020), 20,730,456 confirmed COVID-19 cases and 751,154 deaths have been reported globally (<https://www.who.int/emergencies/diseases/novel-coronavirus-2019>). Current efforts to stop further spread of the COVID-19 include social distancing via self-isolation and national quarantines or 'lockdowns', hand hygiene and the use of personal protective equipment (PPE) ([@bb0470]). The current control measures are premised on the understanding that COVID-19 is principally transmitted from infected persons via respiratory droplets released during coughing and sneezing, and through direct contact routes with infected persons and surfaces ([@bb0470]).

Recent evidence shows that, SARS-CoV-2, the etiological agent causing COVID-19 proliferate in the human gastrointestinal system ([@bb0495]), and is shed via faeces of symptomatic or asymptomatic infected persons ([@bb0315]; [@bb0515]). Subsequently, SARS-CoV-2 can be released into wastewater and on-site sanitation systems, and even via open defaecation. Once in faeces, wastewater or on-site sanitation systems, SARS-CoV-2 transmission may possibly occur via inhalation of contaminated aerosols and droplets from wastewater plumbing systems especially in densely populated residential areas ([@bb0190]; [@bb0340]). Potential faecal-oral transmission along the human gut-wastewater-food continuum has also been suggested ([@bb0135]; [@bb0185]; [@bb0195]; [@bb0245]; [@bb0250]). The detection of SARS-CoV-2 RNA in the human gastrointestinal system, faeces and untreated wastewater points to potential COVID-19 faecal-oral transmission ([@bb0020]; [@bb0395]; [@bb0495]; [@bb0315]; [@bb0510]; [@bb0520]). A second line of recent evidence is drawn from a series of studies based on shell disorder analysis, showing that SARS-CoV-2 has a rigid shell and low shell disorder, hence is susceptible to faecal-oral transmission ([@bb0170], [@bb0175], [@bb0180], [@bb0185]). Accordingly, the faecal-oral transmission route has recently attracted significant research attention as a potential second transmission mechanism ([@bb0245]; [@bb0250]; [@bb0520]), but epidemiological evidence confirming this hypothesis is still lacking. The existence of multiple COVID-19 transmission mechanisms may account for the rapid spread of the pandemic.

Earlier reviews, including scoping and overview articles on COVID-19 focused on the following: (1) occurrence and persistence of SARS-CoV-2 RNA in wastewaters ([@bb0020]; [@bb0075]; [@bb0280]; [@bb0345]), (2) faecal-oral hypothesis ([@bb0045]; [@bb0135]; [@bb0245]; [@bb0250]), and (3) generic water, sanitation and hygiene (WASH) issues ([@bb0355]; [@bb0470]). This evidence is scattered in several recent articles, but comprehensive perspectives on the current evidence and its implication on the transmission and control of COVID-19 in developing countries are still limited. The few exceptions include: (1) one perspective paper discussing the opportunities and constraints associated with the application of wastewater-based epidemiology for COVID-19 surveillance in Africa ([@bb0440]), (2) a recent communication highlighting the factors promoting the spread of COVID-19 in low-income countries, and proposed mitigation measures ([@bb0010]), and (3) a field study presenting SARS-CoV-2 RNA and human adenovirus in river water impacted by raw sewage wastewater in Ecuador ([@bb0205]).

The lack of effective barriers for preventing the transmission of COVID-19 via wastewater, poor sanitation and hygiene practices motivates the need for an in-depth analysis of the potential for faecal-oral transmission of COVID-19 in developing countries. The faecal-oral transmission mode changes the human exposure scenario, particularly in developing countries due to several risk factors, including lack of clean drinking water, coupled with poor sanitation and hygiene. However, currently missing in literature is a comprehensive review of the faecal-oral hypothesis, and the potential implications of water, sanitation and hygiene (WASH) in the context of developing countries. Moreover, limited reviews exist discussing the potential faecal-oral pathways, and risk factors controlling human exposure to COVID-19 in developing countries. Similar to the spread of COVID-19, the scientific evidence on the characteristics, occurrence, and transmission of SARS-CoV-2 is rapidly evolving. Thus, updates and mitigation measures recommended by national and international COVID-19 response agencies may lag behind the scientific advances. In view of this, there is urgent need for a rapid synthesis and communication of perspectives on the recent scientific evidence with potential implications on practice in the fight against COVID-19. Therefore, the current perspective is timely, because the COVID-19 epicentre has now shifted to developing countries, including those in Africa, South America and the Caribbeans.

The current perspective presents a comprehensive analysis of recent evidence on the occurrence, persistence and faecal-oral transmission of SARS-CoV-2, and implications on the spread and control of COVID-19 in developing countries. This perspective posits that; (1) an increasing body of evidence exists pointing to the potential faecal-oral COVID-19 transmission route, and (2) potential human exposure risks via faecal-oral transmission could be particularly high in developing countries, hence clean water provision, and proper sanitation and waste management could be critical in the fight against COVID-19. This perspective does not intend to downplay the role of current control measures based on social distancing, hand hygiene and the use of PPE. Instead, it proposes that; (1) the potential for faecal-oral transmission warrants particular public and research attention in developing countries, and (2) lacking empirical evidence confirming the faecal-oral transmission, clean water provision, proper sanitation and waste management may need to be considered as precautionary measures to complement current efforts in the fight against COVID-19. The current perspective paper discusses the basis for these proposals particularly in developing countries.

[Fig. 1](#f0005){ref-type="fig"} presents a summary of the focus of the current perspective. First, the various lines of evidence pointing to potential faecal-oral transmission of COVID-19 are presented. Then, the potential human exposure pathways via the faecal-oral route are discussed. Risk factors and risky practices potentially predisposing human health to COVID-19 via the faecal-oral route are then highlighted. The potential critical role of clean water provision, proper sanitation, food safety and hygiene, and solid waste management systems in the fight against COVID-19 and future pandemics is discussed. Finally, key knowledge gaps pertaining to COVID-19 faecal-oral transmission in developing countries are highlighted.Fig. 1Summary evidence, potential human exposure pathways, risk factors and risky practices, mitigation and research needs on faecal-oral transmission of COVID-19 in developing regions. \* Transmission via contaminated drinking water is potentially more significant than the other routes.Fig. 1

2. Overview of methodology {#s0010}
==========================

To address the study objectives three sequential steps were followed: (1) searching and retrieval of articles, (2) verification of articles for relevance, and (3) review of articles and synthesis of results. Literature searches and retrieval were conducted using Boolean search techniques, which are regarded as efficient for searching and retrieving literature from a large pool in scholarly scientific databases. A detailed description of the generic search procedures is presented in recent reviews by the current author ([@bb0215], [@bb0220]). Online scholarly databases included in the literature search were: (1) ScienceDirect®, (2) Clarivate\'s Web of Science®, (3) Researchgate®, (4) Scopus®, and (5) Google Scholar®, among others. The Boolean search techniques were used to search for a combination of keywords/words using, among others; 'AND', 'OR', 'NEAR', 'AND NOT', 'NOT' as well as truncation. Keywords representing 'COVID-19', 'SARS-CoV-2', and their variants such as 'coronavirus 2019' were used. These were combined with keywords corresponding to various thematic topics/objectives of the current study. For example, for 'faecal-oral' transmission, the following search terms and their variants were used: 'novel' transmission, 'faecal-oral', 'drinking water', 'vector(s)', 'sanitation' and 'hygiene', among others. Given the limited number of articles on faecal-oral transmission of SARS-CoV-2, the search was extended to include other human coronaviruses such as SARS and Middle East respiratory syndrome (MERS), bacteriophages and their surrogates. Note that, some non-reviewed literature, including pre-prints exists on COVID-19, but their citations were kept to a minimum in the current study. The only exceptions were five pre-prints (i.e., [@bb0120]; [@bb0145]; [@bb0325]; [@bb0375]; [@bb0485]), which were cited and referred to as anecdotal evidence.

The retrieved articles were manually checked or verified for relevance to the study objectives. Additional literature was retrieved by manually searching the reference lists of the relevant articles. The relevant articles were then reviewed, and the key findings summarized. Given that the current study is a perspective, a qualitative analysis was conducted. A quantitative analysis based on meta-analytic and/or bibliometric methods was not feasible because no sufficient experimental data exist for such analysis.

3. COVID-19 faecal-oral hypothesis: a summary of the inferential evidence {#s0015}
=========================================================================

3.1. Human gastrointestinal tract as a SARS-CoV-2 reservoir {#s0020}
-----------------------------------------------------------

Recent studies show that SARS-CoV-2 colonize and proliferate in the human gastrointestinal system, and persistent faecal viral shedding occur from symptomatic and asymptomatic infected persons ([Fig. 1](#f0005){ref-type="fig"}). SARS-CoV-2 RNA has been detected in faecal samples from COVID-19 patients and asymptomatic carriers ([@bb0235]; [@bb0365]; [@bb0490]; [@bb0515]; [@bb0525]; [@bb0540]). For example, [@bb0510] showed that SARS-CoV-2 infected the rectal, duodenal and gastric epithelial cells, which in turn, release infectious SARS-CoV-2 virions into the human gastrointestinal tract.

A coronavirus virion is a complete virus particle comprising of the following: (1) several structural proteins or glycoproteins, (2) a phospholipid membrane, and (3) a viral RNA ([@bb0060]; [@bb0390]). A detailed description of the structure and functions of the various components of SARS-CoV-2 is presented in earlier papers ([@bb0060]; [@bb0390]). Briefly, the structural proteins consist of the following: (1) the spike (S), (2) membrane (M), and (3) envelope (E), while the nucleocapsid (N) protein occurs inside the virus particle, and interacts with the virus RNA ([@bb0390]). The E protein is critical in the virus production or replication. The S glycoprotein is responsible for the formation of the spikes on the surface of viral particle, which mediate viral entry into the host cells ([@bb0390]). The binding capacity of the coronavirus S proteins to cellular receptors is thought to be promoted by: (1) angiotensin-converting enzyme 2 (ACE2), which facilitates virus entry into host cell, and (2) serine protease enzymes (e.g., TMPRSS2 and TMPRSS4), responsible for S protein priming ([@bb0390]; [@bb1020]; [@bb0530]). Collectively, the outer structural proteins (shell) confer protein binding specificity or promiscuity, while the RNA confers infectivity or virulence ([@bb0185]). As discussed later, the structural proteins, also referred to as the shell, also confer environmental stability or resilience ([@bb0180], [@bb0185]).

A COVID-19 infected person sheds SARS-CoV-2 RNA for a mean period of approximately 14 to 21 days, and the magnitude of shedding ranges between 10^2^ and 10^8^ RNA copies per gram, but these vary among patients ([@bb0300]; [@bb0365]; [@bb0490]). A high shedding period of 33 days was reported in one patient after respiratory samples tested negative, while faecal samples from another patient tested positive for 47 days following the first onset of symptoms ([@bb0495]). [@bb0495] also report the longer shedding of SARS-CoV-2 RNA in faecal samples than in respiratory samples. [@bb0495] further report that faecal samples in their study tested positive for SARS-CoV-2 RNA for a mean of 11.2 days after respiratory tract samples became negative for SARS-CoV-2 RNA. Two inferences can be made from [@bb0495] findings: (1) SARS-CoV-2 could have been actively replicating in the patient\'s gastrointestinal tract, and/or, (2) SARS-CoV-2 persisted for a longer period in the gastrointestinal tract than in the respiratory tract. Faecal shedding of SARS-CoV-2 occurs during incubation period before manifestation of symptoms, during illness and after recovery, independent of diarrhoea and intestinal infections ([@bb0255]; [@bb0490]; [@bb0495]; [@bb0510]; [@bb0540]). Therefore, depending on the nature of sanitation, faecal shedding may release SARS-CoV-2 RNA: (1) via open defaecation, (2) into on-site sanitation systems (i.e., pit latrines, septic tanks), and (3) into municipal wastewater systems.

SARS-CoV-2, and other coronaviruses may survive for up to 6 to 9 days on surfaces ([@bb0450]; [@bb0270]). In one study, SARS-CoV-2 was incubated at various temperatures for up to 14 days in a virus transport medium, and then tested for infectivity ([@bb0090]). The results showed that the virus was still infective even on day 14 when incubated at 4 ^o^C, but was inactivated in 5 min when incubated at 70 °C. The study also investigated the stability of the virus on various surfaces by dropping the cultured virus onto the surfaces under room temperature of 22 °C and relative humidity of 65%. The infective virus persisted longer on treated or artificial smooth surfaces specifically plastic and steel than on rough surfaces such as wood, cloth and tissue paper ([@bb0090]). However, the mechanisms account for the differences in stability between smooth and rough surface are unclear. [@bb0185] also showed that, unlike other coronaviruses, SARS-CoV-2 has a strange structural feature -- a hard or rigid shell that confers high persistence or stability outside the human body and body fluids ([Section 2](#s0010){ref-type="sec"}). The survival times depend on viral strain and environmental conditions, including nature of surface, air humidity and temperature ([@bb0270]). Survival times could be potentially longer in contaminated aquatic systems, including wastewaters due to the conducive environment and occurrence of organisms that may serve as putative alternative hosts for SARS-CoV-2. However, further research is required to determine survival times in wastewaters, possible intermediate host organisms in aquatic systems, drinking water sources and potential vectors such as houseflies.

3.2. Wastewater-based epidemiological evidence {#s0025}
----------------------------------------------

Wastewater and on-site sanitation systems receive, and act as reservoirs of SARS-CoV-2 from multiple point and non-point sources in a catchment ([@bb0020]; [@bb0535]). These sources include; (1) faeces released via the toilet system, (2) household wastewaters from bathing of infected persons, (3) laundry wastewater from washing of infectious materials such as contaminated clothes and personal protective equipment, and (4) wastewaters from health care, autopsy and thanatopraxy/embalming facilities, including funeral homes ([@bb0215], [@bb0220]; [@bb0535]). The occurrence of SARS-CoV-2 and other human pathogens in wastewater forms the basis for wastewater-based epidemiology (WBE). WBE is emerging field entailing surveillance of wastewater systems for the presence of pathogens including SARS-CoV-2 to gain clues on the occurrence of human infections such as COVID-19 within a catchment or community ([@bb0095]; [@bb0320]; [@bb0020]; [@bb0125]; [@bb0330]).

An increasing body of literature drawn from developed countries including Australia, Spain, France, Netherlands, the USA, and Italy, among others, has detected SARS-CoV-2 RNA in raw wastewater systems ([@bb0020]; [@bb0315]; [@bb0335]). [@bb0315] reported the presence of SARS-CoV-2 RNA in raw wastewater samples. Moreover, the potential to use WBE for COVID-19 surveillance in Africa has been discussed in an earlier perspective ([@bb0440]). However, unlike in developed countries, the use of diverse sanitation systems in Africa, including centralised sewer systems, and on-site sanitation systems such as pit latrines, bucket latrines and septic tanks could present significant challenges to WBE.

One WBE study conducted in Australia using reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) showed two positive detections of SARS-CoV-2 RNA in untreated wastewater within a 6-day sampling period ([@bb0020]). Using Monte Carlo simulation modelling, the same authors estimated that a median range of between 171 and 1090 infected persons occurred in the catchment. An independent study of six wastewater treatment plants in a low COVID-19 prevalence area in Murcia (Spain) detected 5.29 log genomic copies/L of SARS-CoV-2 RNA in untreated wastewaters ([@bb0395]). The same authors showed that, SARS-CoV-2 circulation among the population occurred before the first official cases were reported. This is because, the mean incubation period of SARS-CoV-2, which is the time between infection and manifestation of symptoms is about 5 days ([@bb0295]). Secondary and tertiary effluents from the wastewater treatment plants using a combination of advanced water treatment processes (UV irradiation, disinfection) all tested negative for SARS-CoV-2 RNA, indicating the effectiveness of the disinfection processes used ([@bb0395]). Contrary, in Wuchang Fangcang Hospital, China, SARS-CoV-2 RNA was detected in medical wastewater from septic tanks after disinfection with 800 g/m^3^ sodium hypochlorite ([@bb0535]). The detection of SARS-CoV-2 RNA after chlorination of raw wastewater in septic tanks of a hospital could be attributed to the fact that free chlorine was not detected in the effluent. Thus, one may expect even higher concentrations and persistence period in raw wastewaters in on-site sanitation systems in developing countries, where no chlorination is practised. Further evidence on the occurrence of SARS-CoV-2 and other coronaviruses in the wastewater system has been reported in Paris (France) and Hong Kong, among others ([@bb0190]; [@bb0315]). Due to the interconnectedness of the wastewater system, air-borne transmission of coronaviruses via the wastewater system, including the widely reported 2003 super-spreading SARS event in Hong Kong has been reported ([@bb1035]; [@bb0190]). Further studies are required to evaluate the global validity of WBE as a tool for estimating COVID-19 prevalence, especially in developing countries where severe shortages of diagnostic equipment constrain comprehensive clinical testing.

The findings of WBE are significant in our understanding of the occurrence, transmission and control of COVID-19 especially in developing countries. First, this evidence point to the fact that SARS-CoV-2 RNA occurs and persists in the wastewater system and on-site sanitation systems, which could in turn act as potential reservoirs of SARS-CoV-2. Subsequently, hydrological processes, including direct discharges, spillages, runoff/erosion, infiltration, groundwater recharge, and surface water-groundwater exchanges may disseminate SARS-CoV-2 from various faecal sources into other environmental compartments, including drinking water sources. In this regard, the untreated wastewater could play a key role in the faecal-oral transmission of SARS-CoV-2, yet this aspect has not been fully investigated. In turn, effective wastewater treatment, entailing advanced treatment processes may act as a barrier for preventing faecal-oral transmission of COVID-19. Second, the fact that SARS-CoV-2 RNA has been detected in wastewater systems ahead of official reports of COVID-19 cases indicates that WBE may act as an early warning system ([@bb0395]). Hence, WBE constitutes an under-utilized critical tool for COVID-19 surveillance especially in developing countries lacking comprehensive diagnostic systems for SARS-CoV-2 testing. In such regions, surveillance data from WBE can be used to trigger emergency preparedness and response systems.

Besides literature reporting SARS-CoV-2 RNA in wastewater, to date, only one study has documented SARS-CoV-2 in river water impacted by raw sewage wastewater in a low-income country ([@bb0205]). [@bb0205] investigated the occurrence of SARS-CoV-2 at three locations along the urban rivers in Quito (Ecuador) during the peak of COVID-19 cases. In the same study, the SARS-CoV-2 and the human adenovirus, a human viral indicator were concentrated using the skimmed milk flocculation method, and subsequently assayed using the N1 and N2 target regions. SARS-CoV-2 RNA was detected in all water samples, ranging from 2,91E+05 to 3,19E+06 genomic copies (GC)/L for N1, and from 2,07E+05 to 2,22E+06 GC/L for N2. The human adenovirus was detected in high concentrations ranging between 1,13E+04 and 2,60E+05 GC/L ([@bb0205]). The high concentration of human adenovirus is indicative of a high microbial contamination of aquatic systems via human excreta ([@bb0405]; [@bb0205]). The authors concluded that the presence of SARS-CoV-2 as well as water-borne pathogens (human adenovirus) river water might pose a risk of infection for downstream communities. Note that, although the title of [@bb0205] paper, and the results reported therein refer to 'SARS-CoV-2', the authors tested SARS-CoV-2 RNA rather than SARS-CoV-2. Distinguishing between SARS-CoV-2 RNA and SARS-CoV-2 in literature on COVID-19 is critical to avoid misleading interpretation of the research results. This is because, SARS-CoV-2 RNA is not synonymous with viable and infective SARS-CoV-2 ([Section 3.3](#s0030){ref-type="sec"}). Although SARS-CoV-2 RNA is not indicative of viable and infective SARS-CoV-2, studies detecting SARS-CoV-2 RNA in wastewater and surface water impacted by raw sewage seem to contradict and supersede World Health Organization statement that, '*Currently, there are no studies on the survival of the COVID-19 virus in drinking-water or sewage*' ([@bb0470], [@bb0475], [@bb0480]). Understandably, WHO updates, and even national COVID-19 mitigation responses may lag behind the rapidly evolving scientific knowledge.

Literature on the occurrence and persistence of SARS-CoV-2 and bacteriophages used as surrogates or models of coronaviruses in water and wastewater matrices has been reviewed elsewhere ([@bb0065]; [@bb0350]: [@bb0390]). Recent reviews also exist on the occurrence and persistence of SARS-CoV-2 in faces, urine, raw wastewater and sewage sludge based on studies drawn from various countries ([@bb0100]; [@bb0275]). In summary, some studies reported that enveloped coronaviruses in wastewater are relatively short-lived, as evidenced by 3-log10 reduction in virus titre occurring within 2--3 days ([@bb0210]). Other studies suggest longer survival periods in water and wastewater matrices. For example, SARS-CoV-1 survived in sewage for 14 days at 4 °C, and for 2 days at 20 °C, while its RNA was detected for 8 days, although the virus was inactive ([@bb0210]; [@bb0455]). Studies using transmissible gastroenteritis (TGEV) and mouse hepatitis in water as surrogate coronaviruses showed that the viruses remained infectious in water and sewage for days to weeks ([@bb0410]). Specifically, at 25 ^o^C, the time required for 99% reduction in TGEV in reagent-grade water was 22 days ([@bb0410]). Evidently, significant variations exist among the results and conclusions drawn therefrom. This partly reflects the fact that, the evidence was obtained under different environmental conditions using different viruses or their surrogates rather than SARS-CoV-2. Consequently, scientific opinion remains divided on whether or not to consider the faecal-oral transmission. On the one hand, due to this perceived rapid degradation in water, some authors suggest that human infections from water-borne coronaviruses, including SARS-CoV-2 are unlikely (e.g., [@bb0140]). On the other hand, based on data suggesting longer survival periods, coupled with the positive detection of SARS-CoV-2 in stool samples, some authors suggest that faecal transmission routes should be considered (e.g., [@bb0065]).

Analysis of literature reporting SARS-CoV-2 in wastewaters (e.g., [@bb0020]; [@bb0335]; [@bb0345]; [@bb0495], [@bb0500]) further revealed the following: (1) none of the available studies investigating the survival of coronaviruses in water and wastewater matrices were conducted in developing countries, (2) no data is available on the survival of coronaviruses in sewage and wastewaters from on-site sanitation systems common used in developing countries, and (3) evidence on the fate of SARS-CoV-2 from the time of discharge into the wastewaters to its final degradation are not available. Therefore, the survival times of SARS-CoV-2 in water and wastewater matrices in developing countries under environmentally relevant conditions is poorly understood. The current perspective posits that, the survival times reported in literature could be sufficient to allow the contamination of drinking water sources with SARS-CoV-2 and pose human health risks in developing countries especially where such drinking water sources are closely juxtaposed with on-site sanitation. Thus, the occurrence and persistence of SARS-CoV-2 in water and wastewater in developing countries require further investigation.

3.3. Shell rigidity and disorder as proxies of persistence and transmission mode {#s0030}
--------------------------------------------------------------------------------

Goh and colleagues pioneered shell disorder analysis of viruses using artificial intelligence and molecular techniques to gain insights into the persistence, transmission mode and virulence of viruses and coronaviruses ([@bb0150]; [@bb0155], [@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]). Using shell disorder analysis, [@bb0185] showed that, SARS-CoV-2 is very strange and unique relative to other coronaviruses, because it has the hardest or most rigid outer shell among the coronaviruses. A hard or rigid outer shell is indicative of a resilient or persistent coronavirus outside and within the body and body fluids, while a soft shell reflects low resilience or persistence ([@bb0180], [@bb0185]). SARS-CoV-2 also has the lowest shell disorder measured using percentage intrinsic disorder (PID) among the coronaviruses ([@bb0185]). The degree of shell disorder is related to the mode of infection and virulence ([@bb0155], [@bb0185], [@bb0165], [@bb0170], [@bb0175], [@bb0180]). Low PID values typical of SARS-CoV-2 are indicative of both moderate respiratory and faecal-oral transmission potentials ([@bb0185]). Higher PID values are often associated with higher infectivity via respiratory transmission, because high disorders point to greater promiscuity of the virus with respect to binding to host proteins ([@bb1010]; [@bb0150]). Therefore, the potential high persistence or stability of SARS-CoV-2, coupled with its low shell disorder appears to give further credence to the faecal-oral transmission hypothesis. The link between shell disorder analysis and persistence of viruses is interesting, as it points to a possibility to develop predictive tools for estimating the stability of virus in environmental media. However, further work is required to develop and validate such predictive tools.

Further evidence shows that the versatility of SARS-CoV-2 is not only limited to its persistence and transmission modes, but also the point of infection (i.e., lung versus gut). Coronaviruses are also versatile with respect to their capacity to preferentially infect the gastrointestinal (gut tropism) or the respiratory system (lung tropism) ([@bb0430]). Some studies suggest that, the lung tropism causes severe adverse health effects, while the gut version is relatively less harmful ([@bb0255]). Anecdotal evidence reported in a pre-print based on a modelling study of the COVID-19 outbreak in Wuhan City pointed to the existence of a second transmission route ([@bb0120]). Although the work is not peer-reviewed, [@bb0120] showed that a model that did not account for a second propagation route based on environment-human transmission vial faecal-oral route cannot explain the Wuhan COVID-19 outbreak compared to a similar model accounting for the second transmission route. The same authors also concluded that sub-groups of SARS-CoV-2 existed, an observation which appears consistent with the existence of the lung and gut tropisms. This further suggests that coronaviruses, including SARS-CoV-2 could be amenable to multiple transmission via respiratory droplets, direct contact with contaminated surfaces and faecal-oral route. Yet several opinions may exist on the mechanisms accounting for such behaviours, thus this is subject to further research.

In summary, to this point, it is evident that: (1) SARS-CoV-2 colonizes and proliferates in the human gastrointestinal tract, (2) symptomatic and asymptomatic infected persons shed SARS-CoV-2 via faeces, and (3) SARS-CoV-2 RNA has been detected in wastewaters, and could potentially occur in on-site sanitation systems (pit latrines, septic tanks). Finally, the hard outer shell of SARS-CoV-2 and low shell disorder, point to potential persistence and moderate potential for faecal-oral transmission. Taken together, these findings suggest that faecal-oral transmission of SARS-CoV-2 cannot be totally discounted especially in developing countries due to several risk factors ([Section 4.2](#s0075){ref-type="sec"}).

3.4. A summary critique of the current evidence {#s0035}
-----------------------------------------------

### 3.4.1. Weak scientific evidence based on quantitative microbial risk assessment (QMRA) {#s0040}

The bulk of literature reporting SARS-CoV-2 in environmental and human media, including wastewaters, saliva, sputum, faeces and human gut samples rely on the detection of SARS-CoV-2 RNA ([@bb0020]; [@bb0275]). Yet consensus exists that SARS-CoV-2 RNA and even intact virions and their detection do not equate to viable and infectious SARS-CoV-2 virus. For example, [@bb0470], [@bb0475], [@bb0480] cautions that, '...*the detection of RNA in environmental samples based on PCR-based assays is not indicative of viable virus that could be transmissible*.' By comparison, limited studies have successfully cultured SARS-CoV-2 from such media. The lack of such studies possibly indicates the challenges associated with the culturing viruses outside their host cells. To the author\'s knowledge, only one study has cultured SARS-CoV-2 from human stools ([@bb0530]). The study showed that serine protease enzymes (TMPRSS2 and TMPRSS4) enhance the SARS-CoV-2 infection of enterocytes in the human small intestines. However, rapid inactivation of SARS-CoV-2 was observed in simulated colonic fluid. Barring the study by [@bb0530], it remains unclear whether the shedding, and subsequent detection of SARS-CoV-2 RNA in both environmental (e.g., wastewaters) and human media (e.g., stools) is a true indicator of viable and infective viruses. In addition, currently, no established technique exists for estimating infectious virus particles from data on the occurrence and persistence of SARS-CoV-2 RNA in environmental media. Due to person-to-person variations, coupled with knowledge gaps in the virulence and pathogenicity of SARS-CoV-2, the quantitative estimation of the human health risks such as transmission and fatality rates from SARS-CoV-2 RNA data is even more complicated. Therefore, drawing accurate inferences of potential human health risks based on the detection of SARS-CoV-2 RNA in environmental media still presents significant challenges.

The possibility of novel transmission of SARS-CoV-2 via multiple faecal-oral route pathways further complicates the estimation of human health risks. Moreover, the potential for human exposure to viruses, including SARS-CoV-2 via bioaerosols and wastewater aerosols has been highlighted ([@bb0075]; [@bb0145]; [@bb0275]; [@bb0340]). For example, anecdotal evidence based on a laboratory study investigating the persistence of SARS-CoV-2 in aerosols showed that the virus retains its viability and infectivity in aerosols for up to 16 h ([@bb0145]). This raises the possibility for human exposure to SARS-CoV-2 through bioaerosols and wastewater aerosols. Human exposure to SARS-CoV-2 via bioaerosols could be particularly important in crowded environments. Similarly, human exposure to SARS-CoV-2 via wastewater aerosols could be significant in shared sanitation systems especially in crowded informal settlements in developing countries ([@bb2020]). However, as [@bb0275] pointed out, studies investigating human exposure to SARS-CoV-2 via bioaerosols and wastewater aerosols are scarce. Therefore, further research is required to better understand the human exposure and health risks associated with wastewater aerosols. This calls for further research on the development, validation and application of tools and models based on quantitative microbial risk assessment (QMRA).

QMRA relies on quantitative dose-response models or relationships between human exposure, and probability of occurrence of human health outcomes or endpoints such as infection or illness ([@bb0275]). QMRA requires data on the nature, concentrations, behaviour and fate of a biohazard (i.e., SARS-CoV-2) in environmental media as well as the multiple human exposure pathways. Yet quantitative dose-response models are not yet available for SARS-CoV-2 ([@bb0275]), while the environmental behaviour and fate of SARS-CoV-2 are still poorly understood. For example, studies investigating the environmental factors determining the persistence and fate of SARS-CoV-2 in real wastewaters and sewage sludges are still limited ([@bb0100]). Therefore, the development and validation of accurate predictive tools based on QMRA constitute one of the research frontiers in COVID-19. Such future research should consider both conventional and novel SARS-CoV-2 transmission pathways to gain a comprehensive understanding of the human exposure and health risks of SARS-CoV-2. QMRA tools can also be applied to address '*what if*' mitigation scenarios, hence, could provide critical information for the development of effective COVID-19 control measures.

### 3.4.2. Some inconsistencies and uncertainties in current evidence {#s0045}

The evidence pointing to faecal-oral transmission of COVID-19 is still characterized by high uncertainties. These uncertainties are associated with knowledge gaps, untested assumptions, analytical techniques, and data inconsistencies. To some extent, such a high uncertainty is understandable, given that COVID-19 is an emerging human infectious disease characterized by several unknowns. Indeed, the high uncertainty associated with estimating human health risks arising from novel transmission has been highlighted by the UK Food Safety Agency in the case of COVID-19 transmission via cross-contaminated food ([@bb1025]). As discussed later ([Section 4.2](#s0075){ref-type="sec"}), several knowledge gaps still exist on the faecal-oral hypothesis and the associated novel transmission pathways, including, among others: (1) the validity and significance of novel transmission pathways via drinking water, shared sanitation systems, and vector and food-mediated transmission, and (2) the socio-economic and environmental settings under which such novel transmission mechanisms are valid and significant.

Uncertainties also arise from the sampling and analytical techniques (i.e., RT-qPCR) and proxy indicators (i.e., SARS-CoV-2 RNA) currently used to evaluate the occurrence and persistence of SARS-CoV-2 in environmental media. The limitations associated with current extraction and analytical methods have been discussed in a few recent studies ([@bb0275]). These limitations include: (1) low capacity of current techniques to extract viral RNA from enveloped coronaviruses such as SARS-CoV-2, and (2) the possibility of false-positive and negative results. Anecdotal evidence shows that false-negative results are more common than false-positive ones ([@bb0325]; [@bb0485]). False-negative results under-estimate the COVID-19 cases, which in turn, have significant adverse implications for the subsequent diagnosis, transmission and control of COVID-19.

Some contradictory results also exist: on the one hand, some studies suggest that SARS-CoV-2 is unstable in the environment because it has a delicate envelope ([@bb0275]; [@bb0350]). On the other hand, work by [@bb0180], [@bb0185] based on shell disorder analysis suggested that SARS-CoV-2 has a very rigid shell conferring persistence. Moreover, technical updates and briefs by [@bb0470], [@bb0480] suggest that 'no evidence' exists on the occurrence and persistence of SARS-CoV-2 in sewage, wastewater or drinking water. Yet some studies conducted in France, the USA, Italy, Netherlands, Australia and China have detected SARS-CoV-2 RNA in wastewaters ([@bb0020]; [@bb0285]; [@bb0315]; [@bb0335]; [@bb0495]), even after disinfection ([@bb0535]). Moreover, while some authors point to the potential faecal-oral transmission of SARS-CoV-2 ([@bb0235]; [@bb0250]; [@bb0465]; [@bb0520], [@bb0180], [@bb0185]), [@bb0475], [@bb0480] is of the opinion that the human health risks are low. One also wonders, if data confirmed that SARS-CoV-2 may persist on surfaces for up to 9 days ([@bb0450]; [@bb0270]), then; (1) *what prevents it from persisting in wastewaters after faecal shedding*?, and (2) *how long will it take for SARS-CoV-2 to undergo inactivation once released into wastewater, and what environmental factors control such inactivation*? This calls for further research to understanding the persistence of SARS-CoV-2 in wastewaters and drinking water systems under environmentally relevant conditions. The current evidence is largely limited to developed countries, while corresponding data from developing nations are unavailable. This then raises the question whether or not existing evidence is universal, and representative of the situation in developing countries, where several risk factors exist ([Section 3.2](#s0025){ref-type="sec"}). Until these, and several questions are addressed, the faecal-oral transmission mechanism will remain a hypothesis that is yet to be validated. To this end, all the plausible routes that could potentially contribute to faecal-oral transmission are discussed. Subsequent in-depth research is expected to provide the evidence on their potential relative contribution to COVID-19 transmission. In view of these inconsistencies and uncertainties, it remains problematic to draw strong conclusions and recommendations. Notwithstanding these limitations, the significance and implications of the current evidence, and the need to consider precautionary measures are discussed.

4. Significance of the COVID-19 faecal-oral hypothesis in developing countries {#s0050}
==============================================================================

4.1. Potential faecal-oral transmission pathways {#s0055}
------------------------------------------------

### 4.1.1. Contaminated drinking water {#s0060}

The faecal-oral route has three potential transmission sub-pathways; (1) contaminated drinking water, (2) raw and poorly cooked contaminated aquatic, marine, aquacultural and wastewater-irrigated foods (e.g., salads), and (3) vector-mediated transmission from faecal sources to foods ([@bb0245]; [Fig. 2](#f0010){ref-type="fig"} ). Contamination of drinking water sources may occur via seepages from on-site sanitation systems such as pit latrines and septic tanks into surface and shallow groundwater systems serving as groundwater sources ([Fig. 2](#f0010){ref-type="fig"}). A study conducted on other coronaviruses reported that a 99.9% die-off occurred after 10 days in tap water at 23 °C and over 100 days at 4 °C ([@bb0210]). This finding also suggests a longer survival time of coronaviruses in tap water than in wastewater. If these results are also valid for SARS-CoV-2, then this relatively long survival time in drinking water may increase the risk of human exposure via ingestion of contaminated drinking water.Fig. 2Potential COVID-19 faecal-oral transmission pathways and proposed water, sanitation and hygiene (WASH) barriers to minimize human exposure and health risks.Fig. 2

The risk of contamination of drinking water via this route could be high in cases where drinking water sources are closely juxtaposed with wastewater and on-site sanitation systems. Communities with potential high risks of COVID-19 transmission include: (1) densely populated informal settlements such as squatter camps, slums and refugee camps without access to centralised drinking water systems ([@bb0105]; [@bb0470], [@bb0475], [@bb0480]), and (2) urban and peri-urban areas without reliable sources of drinking water, forcing communities to depend on unsafe surface and groundwater sources ([@bb0360]). Evidence exists linking drinking water contamination via wastewater and on-site sanitation to outbreaks of human infections such as cholera and typhoid in developing countries, including those in Africa ([@bb0015]; [@bb0225]). However, data relating to SARS-CoV-2 are scarce, and it is currently unclear whether or not indicator and pathogenic microorganisms often detected in contaminated aquatic systems are intermediate hosts of SARS-CoV-2. Ironically, developing countries face a dilemma in this regard: (1) on the one hand, they face the highest risk of drinking water contamination via wastewater and on-site sanitation systems, but lack capacity for regular surveillance for SARS-CoV-2, and (2) on the other hand, existing wastewater and drinking water treatment systems are often dilapidated and overloaded, resulting in low treatment efficiencies. Advanced water treatment processes have high initial and operating costs, hence are rarely used in water and wastewater treatment in low-income countries. Consequently, the discharge of raw and partially treated wastewaters into aquatic systems serving as drinking water sources is common ([@bb0050]).

Vulnerable and low-income communities in rural, urban, and peri-urban areas often rely on shared community water points such as wells, boreholes and community water taps ([@bb0040]). In such situations, social distancing is problematic due to over-crowding. For example, in Zimbabwe, informal observations showed excessive over-crowding and queues of women and children at community water points such as boreholes. Moreover, shared water sources may transmit SARS-CoV-2 via fomite or contact with contaminated surfaces such as handles of water abstraction devices. This is because, frequent and regular cleaning of water extraction devices using sanitizers and disinfectants is not feasible on community water sources. Sanitizers and PPE such as disposal gloves are often expensive and beyond the reach of low-income communities.

### 4.1.2. Contaminated foods {#s0065}

Raw and partially treated wastewater discharges may contaminate marine and surface aquatic systems serving as human food sources ([@bb0050]). However, studies investigating SARS-CoV-2 contamination in the food value chain from farm to fork are still lacking. Similar to drinking water, the occurrence and persistence of SARS-CoV-2 on food warrant further investigation. Such studies should entail mimicking food contamination along the food value-chain by spiking the cultured virus or its surrogates onto the foods under environmentally relevant conditions. This will then be followed by determining the persistence and degradation kinetics of SARS-CoV-2 or its surrougates over time.

Currently, no conclusive evidence exists on whether or not aquatic organisms, including microorganisms such as faecal bacteria occurring in typical contaminated aquatic systems could act as intermediate hosts, reservoirs and vectors of SARS-CoV-2 and other coronaviruses. The only evidence available drawn from south east Asia, based on genomic and phylogenetic analysis has pointed to wild animals such as insectivorous horseshoe bats, palm civets and rodents as potential reservoirs and intermediate hosts of coronaviruses and coronavirus-like viruses ([@bb0200]; [@bb0290]; [@bb0305]; [@bb1005]). The potential existence of intermediate hosts for SARS-CoV-2 is plausible, but uncertainties still exist on the exact species involved, and whether such species or related ones occur in other developing regions such as Africa.

Lacking evidence, one may speculate that SARS-CoV-2 originating from raw wastewater may contaminate marine and aquatic foods such as fish and crustaceans ([Fig. 2](#f0010){ref-type="fig"}). Areas with potential risk of food transmission may include; (1) marine foods from coastal areas receiving untreated wastewater, (2) aquatic foods obtained from surface aquatic systems receiving raw or partially treated wastewaters, and (3) raw wastewater-irrigated salad crops. Other practices promoting food contamination include, (1) raw wastewater-aquacultural systems, and (2) raw wastewater irrigation of crops consumed uncooked such as salads. However, further research is required to determine the occurrence and persistence of wastewater-derived SARS-CoV-2 in marine and surface aquatic systems, and food from such sources. Such studies should also investigate the effects of various food pre-treatment and culinary methods on the persistence of SARV-CoV-2. Studies based on genomic and phylogenetic analysis are required to determine whether or not a possibility exists for SARS-CoV-2 to jump from aquatic systems to humans via aquatic and terrestrial animals and vice versa. This is particularly important given the intricate interactions between humans and wildlife, including the widespread consumption of wild aquatic and terrestrial animals ([@bb0420]). Data on environmental reservoirs and intermediate hosts of SARS-CoV-2 and other coronaviruses will provide insights into how such viruses persist and circulate in the environment between outbreaks.

### 4.1.3. Vector-mediated transmission {#s0070}

A number of vectors such as houseflies, cockroaches and rodents that frequent households and environments with faeces such as pit latrines, bucket latrines and septic tanks are well-known reservoirs and vectors of human pathogens ([@bb0025]; [@bb0035]). Vectors may harbour viruses in their intestinal tracts and on their bodies, and contaminate human food and surfaces ([@bb0130]; [@bb0245]). Open defaecation, and wastewater and on-site sanitation systems such as pit latrines and septic tanks produce odours, and attract disease vectors including rodents and insects that can transmit pathogens, including SARS-CoV-2 ([Fig. 2](#f0010){ref-type="fig"}). However, no strong evidence exists on vector-transmitted SARS-CoV-2, except one review pointing to the possibility of vector-transmission of SARS-CoV-2 ([@bb0130]). Socio-economic settings and practices that could potentially promote vector transmission of COVID-19 may include; (1) communities living close to sewage, and wastewater treatment and conveyance utilities that attract rodents and insects, (2) communities relying on open defaecation, and unimproved, rudimentary and poorly designed on-site sanitation systems that allow rodents and insects to come into contact with faecal matter, and (3) open and street vending of foods, which is prevalent in developing countries. As reported for other pathogens ([@bb0435]), vectors may come into direct contact with faecal SARS-CoV-2 in the case of open defaecation, and in wastewater and on-site sanitation systems, and subsequently transfer SARS-CoV-2 to food ([Fig. 2](#f0010){ref-type="fig"}). However, the occurrence and transmission of COVID-19 via the vector-food-human pathway warrant further investigation focusing on households, open food markets and street vended foods in developing countries.

To date, empirical evidence validating the faecal-oral hypothesis and its associated novel transmission pathways remains scarce. In developing countries, these novel transmission mechanisms could be negligible due to effective control barriers including proper waste, wastewater and water treatment, coupled with effective food quality and safety procedures. In contrast, given the several risk factors, and lack of effective control barriers, these transmission mechanisms cannot be totally discounted in developing countries. While these novel transmission mechanisms could be currently regarded as insignificant relative to conventional transmission routes, only further research could confirm this notion. This perspective serves to stimulate further discussion and research on the subject, paying particular attention to developing countries. Such research may also provide insights into the transmission and control of future SARS.

4.2. Potential risk factors promoting COVID-19 transmission {#s0075}
-----------------------------------------------------------

Several potential risk factors and risky practices predisposing human health to risks in developing countries are discussed in reviews ([@bb0215], [@bb0220]). [Fig. 1](#f0005){ref-type="fig"} summarizes the factors and practices potentially promoting the COVID-19 faecal-oral transmission:(1)*Poor wastewater management*: Overloaded and dilapidated conventional wastewater treatment systems are inefficient. Moreover, infectious raw wastewaters from health care systems and the funeral industry are directly discharged into the sewer system without any pre-treatment ([@bb0215], [@bb0220]). This contaminates marine and aquatic systems serving as drinking water and food sources.(2)*Poor management of infectious solid waste*: Properly designed sanitary landfills and incinerators for the disposal of hazardous materials such infectious solid waste from the health care system and funeral industry are still lacking. Instead, infectious wastes are co-mixed with general waste and co-disposed of in non-sanitary waste dumps ([@bb0380]; [@bb0030]), thereby creating the risk of aquatic pollution via leachates and runoff.(3)*Poor sanitation and hygiene*: Unhygienic practices such as open defaecation, and the use of unimproved and poorly designed on-site sanitation systems such as pit latrines, bucket latrines and septic tanks are common. In most informal settlements such as slums, squatter camps and refugee camps, on-site sanitation systems may be closely juxtaposed with vulnerable drinking water sources such as wetlands, and surface and shallow groundwater systems ([@bb1030]). This is because, in such settings, the landholding per household is very small, leading to overcrowding. Thus, adherence to the following WHO recommendations is not achievable: (1) a minimum of 1.5 m depth difference between the bottom of the on-site sanitation system and the groundwater table, and (2) a minimum of 30 m horizontal distance between on-site sanitation systems and drinking water sources ([@bb0445]; [@bb0470], [@bb0475], [@bb0480]). Due to overcrowding, on-site sanitation systems are often shared among a large number of households ([@bb0240]; [@bb0425]), thereby increasing the risk of community transmission via fomites and aerosols ([@bb0080]). Overloading of on-site sanitation systems, leading to overflowing and spillages, and subsequent contamination of water sources may also occur.(4)*Rudimentary and unhygienic funeral practices*: Risky funeral practices are prevalent in poor communities, socio-cultural and religious settings, including: (i) home burials, where graves are located within homesteads close to drinking water sources ([@bb0400]; [@bb0545]), (ii) cemeteries and graves located in wetlands and areas with shallow groundwater systems ([@bb0005]), and (iii) rudimentary earth burials of human cadavers wrapped in a blanket or cloth without a coffin ([@bb0215], [@bb0220]). COVID-19 mass fatalities and burials may further promote such practices, thereby increasing the risk of groundwater contamination.(5)*Unhygienic food handling practices*: Food safety and hygiene regulations and practices are often weak and poorly enforced, hence food vending in open food markets and streets is common especially in Africa ([@bb0435]). For example, in Zambia, houseflies harbouring pathogenic antibiotic resistant strains of *Escherichia coli* and *Salmonella* infested and contaminated fish in food markets ([@bb0435]). Hence, vending of food in streets and open markets may potentially increase the risk of transmission of SARS-CoV-2 via vector-mediated food contamination.(6)*Low literacy levels, attitudes and perceptions*: Literacy levels are often low, resulting in limited understanding of the occurrence, transmission and health risks of human infections, including COVID-19. This is particularly true for emerging infections, because even local health care workers may have very limited understanding of the disease. Anecdotal evidence also shows that strong attitudes and perceptions may exist in some regions -- for example, in Zimbabwe and possibly several African countries, a widely held notion exists that, COVID-19 only affects people of specific racial descents and regions, while native black Africans in Africa are immune to COVID-19. This belief may stem from the currently low infection cases reported in Africa compared to other regions, and also political leaders and government officials propagating the same misconception. Such attitudes and perceptions may promote COVID-19 transmission.(7)*High risk of co-infections*: The predominantly tropical environments in most developing regions such as sub-Saharan Africa may favour the proliferation and persistence of human disease vectors and pathogens ([@bb0070]). High vector and disease burdens, including co-infections such as cholera, typhoid, malaria and even HIV/AIDS may predispose humans to the adverse health effects of COVID-19. Co-infections may synergistically interact with COVID-19, resulting in adverse human health outcomes ([@bb0310]; [@bb0370]).(8)*Weak social security and health care systems*: Social security and health care systems are weak and poorly funded, thus have limited capacity to cope with large-scale outbreaks of infectious diseases including COVID-19 ([@bb0265]). The high infection and mortality rates associated with outbreaks of cholera and typhoid in developing countries (e.g., Zimbabwe) ([@bb0015]) clearly demonstrate that such social security and health care systems even fail to cope with outbreaks of treatable conventional or medieval diseases. In such settings, compulsory social distancing measures such as national quarantines or lockdowns may threaten, and even have adverse effects on livelihoods and food security of vulnerable communities. This may have long-lasting impacts, which may in turn, prolong or even constrain post-COVID-19 recovery.(9)*Lack of surveillance systems*: Systematic environmental, occupational and public health surveillance systems are either weak or non-existent. Yet such surveillance systems provide critical information for the development of comprehensive early detection systems and mitigation of COVID-19. Lacking surveillance data, responses to COVID-19 in developing countries are likely to be slow and poorly coordinated, thereby creating ideal conditions for the rapid spread of highly infectious diseases, including COVID-19.(10)*Weak and poorly enforced policies and regulations*: Environmental, occupational and public health policies and regulations are often weak, fragmented and poorly enforced ([@bb0215], [@bb0220]). In addition, public health and environmental regulatory agencies, and those responsible for disaster response are often poorly funded and equipped, and lack critical expertise in emerging infectious diseases such as COVID-19. Hence, developing countries often strongly depend on the donor and international community for both resources and expertise, a scenario which may promote COVID-19 transmission and delay its control.

4.3. On the lack of research testing the faecal-oral hypothesis {#s0080}
---------------------------------------------------------------

The need for in-depth research to confirm whether or not the faecal-oral route contributes to the transmission of COVID-19 has been discussed in a few earlier papers ([@bb0245]; [@bb0250]). However, until now, what has been missing is a comprehensive perspective discussing the hypothesis in the context of developing countries. Therefore, the current perspective addresses this gap, and adds to the growing voice calling for research to develop the scientific and empirical evidence base to confirm or dispel the faecal-oral hypothesis and its associated novel transmission pathways. Such empirical evidence will bring closure to the current speculation about the faecal-oral hypothesis. In addition, confirming or dispelling the hypothesis will provide key information on whether or not additional barriers are need to prevent novel transmission of COVID-19.

It is quite surprising and worrying that, nearly half a year after the first outbreak of COVID-19 in Wuhan in December 2019, field and laboratory studies directly investigating this hypothesis are still scarce. This is despite the fact that, the COVID-19 epicentre, as evidenced by confirmed cases and deaths, seem to have shifted to developing countries including those in Africa, South America and the Caribbeans. Thus, one may raise the question, '*Why is the global research community, including those directly residing in developing countries in south east Asia, South America, Africa and the Caribbeans taking so long to test the faecal-oral hypothesis*?'. The reasons accounting for this trend remain unclear to the author. However, one may speculate that: (1) outside China, the bulk of research on COVID-19 is drawn from developed countries in Europe and north America, where effective barriers based on advanced wastewater and water treatment make the hypothesis less relevant, and (2) developing countries, where the hypothesis could be most relevant, have weak research systems, characterized by severe lack of funding, research expertise and infrastructure such as analytical equipment. Finally, it appears the global research community, policy makers and practitioners particularly those in developing countries were caught by surprise and highly unprepared for the COVID-19 outbreak. Hence, the limited available resources, including funding, diagnostic equipment and personnel seem to focus on and prioritize the control of further transmission based on well-established transmission modes rather than investigating novel ones proposed here. Due to lack of evidence, such novel transmission mechanisms could be regarded as less significant compared to conventional transmission modes via respiratory droplets and direct contact. Although this notion could be valid for policy makers and practitioners, the current perspectiveargues that, the global research community, regional and national research institutions, think-tanks in public health, and universities should play their role by providing evidence to inform policy and practice.

In its simplest form, validating the faecal-oral hypothesis entails testing for SARS-CoV-2 RNA in drinking water along the source, storage and distribution systems, including at the point of human consumption. Currently, no compelling data exist to enable the evaluation of the relative significance of the various potential faecal-oral pathways to COVID-19 transmission. However, based on experiential and inferential evidence, priority should be given to transmission via contaminated drinking water ([Fig. 1](#f0005){ref-type="fig"}). This is because, compared to vector and food-mediated transmission, faecal contamination of drinking water sources is well-documented in developing countries ([@bb0015]). Moreover, a significant population in developing countries also relies on untreated water from unsafe sources, creating opportunities for potential human exposure. Although not directly related to COVID-19, evidence also exists linking faecal contamination of drinking water to human health risks including recurrent outbreaks of diarrhoeal infections, cholera and typhoid ([@bb0015]; [@bb0225]). Such research should also target and prioritize areas associated with putative faecal contamination such as informal settlements including slums, squatter camps and refugee camps. Communities in such informal settlements often rely on untreated raw water abstracted from shared and unsafe drinking water sources, which are often closely juxtaposed with on-site sanitation systems ([@bb0385]: [@bb1030]). Developing countries with recurrent outbreaks of human infections transmitted via the faecal-oral route such as cholera and typhoid could constitute the ideal settings or '*worst-case scenario*' to investigate the faecal-oral hypothesis.

5. Clean water, sanitation and waste management as potential critical control points {#s0085}
====================================================================================

The summary evidence on the occurrence of SARS-CoV-2 in human gastrointestinal system, faeces and wastewater systems, and the potential faecal-oral transmission of COVID-19 have potential implications on the control of COVID-19 especially in developing countries. Clearly, the faecal-oral transmission route, is not a single pathway, but a set of multiple sub-pathways, including, drinking water, contaminated food and vector-mediated processes ([Fig. 2](#f0010){ref-type="fig"}). The current perspective investigated whether or not clean water provision, sanitation and waste management are critical control points in the fight of COVID-19 in developing countries. [Fig. 1](#f0005){ref-type="fig"} and the following discussion partly address this question. However, evidence on the faecal-oral hypothesis remains weak and inconclusive, hence making strong recommendations based on weak evidence and uncertainty is problematic. Therefore, lacking strong evidence, the control measures premised on the faecal-oral transmission hypothesis summarized here should be considered as precautionary measures. These measures seek to complement, rather than replace social distancing, hand hygiene and the use of PPE, which are premised on COVID-19 transmission via respiratory droplets and direct contact routes.

5.1. Proper wastewater and sanitation systems {#s0090}
---------------------------------------------

The fact that wastewater and on-sanitation systems are potential reservoirs of SARS-CoV-2, and the concept of wastewater-based epidemiology were discussed. Moreover, the dissemination of SARS-CoV-2 from faeces (in the case of open defaecation), wastewaters and on-site sanitation systems via hydrological processes may contaminate marine and aquatic systems serving as drinking water and food sources. Therefore, wastewater and sanitation-based barriers could be critical precautionary measures in preventing faecal-oral transmission arising from poor wastewater and sanitation ([Fig. 2](#f0010){ref-type="fig"}). This include, proper sanitation entailing; (1) stopping open defaecation, and (2) safe and hygienic disposal of human excreta in properly sited and designed on-site sanitation or sewer systems. Proper wastewater management practices include: (1) stopping the discharge of raw or partially treated wastewaters into marine and aquatic systems, and (2) advanced wastewater treatment using ultra-violet irradiation and disinfection to effectively inactivate SARS-CoV-2 ([@bb0395]). These control measures demonstrate the criticality of improved sanitation and wastewater treatment and disposal as potential barriers against faecal-oral transmission of COVID-19.

5.2. Clean drinking water provision {#s0095}
-----------------------------------

The risk factors and risky practices contributing to contamination of drinking water sources, and communities most likely to be at risk were highlighted. Based on this understanding, potential precautionary barriers to prevent transmission via contaminated drinking include, reliable supply of clean and regularly tested drinking water via: (1) centralised drinking water systems, where available, and/or (2) mobile systems such as water bowsers in the case of unconnected communities close to centralised drinking water systems. In the absence of centralised drinking water treatment systems, drinking water disinfection is recommended in communities with potential risk of transmission, where contamination is either suspected or confirmed ([Fig. 2](#f0010){ref-type="fig"}).

A number of generic guidelines exist on drinking water treatment in the case of disease outbreaks, and recent updates are also available ([@bb0470]). Specifically, the World Health Organization recommends: (1) boiling, (2) high-performing ultrafiltration, and (3) nanomembrane filtration. Solar disinfection (SODIS), ultra-violet (UV) irradiation and chlorination using an appropriate dosage of free chlorine are recommended for non-turbid waters (WHO, 2019). However, one study detecting SARS-CoV-2 RNA in wastewater following chlorination with 800 g/m^3^ sodium hypochlorite ([@bb0535]) raises concerns about the effectiveness of conventional dosages of chlorination. Notably, current recommendations are generic and largely based on inferential evidence for other viruses and coronaviruses. This is because data on the occurrence and removal of SARS-CoV-2 in drinking water using the stated methods are scarce. Several low-cost water treatment methods also exist, including metallic iron filters, biosand filters, and ceramic filters (with or without silver nanoparticles), but their capacity to SARS-CoV-2 is also currently unknown. An exception is boiling, where some data exist. Coronaviruses such as SARS are highly sensitive to heat, and can be inactivated by heating at 56--60 °C for 30 min ([@bb0375]; [@bb0495]). Anecdotal evidence from a pre-print shows that, heating at 92 °C for 15 min was more effective in achieving a 6 log reduction in SARS-CoV-2 than lower temperatures and longer heating times of 56 °C for 30 min and 60 °C for 60 min ([@bb0375]). Thus, boiling for at least 15 min may effectively disinfect contaminated drinking water. However, barring boiling, and probably solar disinfection, the technology (e.g., filters, chlorinating agents) and know-how to install and effectively operate ultrafiltration, nanomembrane filtration, UV irradiation and chlorination may not be readily available for most vulnerable communities in developing regions. In addition, unless such technologies are provided by the donor community or government, their appropriateness in developing countries could be questioned.

5.3. Behavioural changes in hygiene, food handling and funeral practices {#s0100}
------------------------------------------------------------------------

Several high risky practices in hygiene, food handling and preparation, and funeral practices promoting SARS-CoV-2 faecal-oral transmission were highlighted. This calls for behavioural changes, and a long-term shift in such risk practices. Specifically, this should entail: (1) safe and hygienic disposal of human cadavers, and solid waste and wastewaters from health care systems and funeral industry, (2) avoiding selling and consumption of food from open markets and street vending sources, and (3) improving food hygiene, handling and preparation practices including thorough washing and proper cooking, and (4) removing breeding grounds and conditions promoting vectors such as rodents and houseflies through regular spraying using insecticides.

5.4. Strengthening policies, regulations and institutions {#s0105}
---------------------------------------------------------

Safeguarding human health against COVID-19 and future outbreaks of infectious diseases requires effective regulatory frameworks, coupled with well-funded and equipped institutions, and social security and health care systems with relevant expertise. Effective and well-coordinated policies, regulation and institutions are critical in developing resilience, and early warning and response systems in developing countries. This aspect is cross-cutting, thus extends beyond infectious diseases to include environmental pollution and the associated health risks. Earlier reviews present a detailed discussion of the need to develop better regulations, policies and institutions to safeguard human health in developing countries ([@bb0215], [@bb0220]).

6. Looking ahead: decision scenarios and future directions {#s0110}
==========================================================

6.1. Decision scenarios under imperfect knowledge and uncertainties {#s0115}
-------------------------------------------------------------------

The world is currently in the middle of the COVID-19 crisis, and inferential evidence summarized here and elsewhere (e.g., [@bb0245]; [@bb0250]; [@bb0520]) further highlights the possibility of a COVID-19 faecal-oral transmission hypothesis. This emerging evidence may require additional precautionary measures complementary to existing ones. Yet admittedly, the evidence is still fraught with several unknowns and uncertainties pertaining to COVID-19 transmission and infectivity mechanisms. Against this background, a practical question then arises: '*Should clean water provision, and improved sanitation, hygiene, and solid waste and wastewater management programmes (hereafter referred to as WASH for brevity) be accorded similar prominence and priority as current generic mitigation measures or is it too early to call*?' This question is likely to divide public, policy and scientific opinions, but potential dominant opinions are highlighted here to stimulate further debate.(1)Scenario 1 ('business-as-usual')

This \'busines-as-usual\' scenario entails that WASH programmes can wait, while special attention is paid to social distancing, hand hygiene and the use of PPE. Proponents of this opinion may argue that: (i) evidence on faecal-oral transmission of COVID-19 is limited and inconclusive relative to transmission via respiratory droplets and the direct contact route, and (ii) integrating WASH programmes in current mitigation strategies will stretch the limited resources, and compromise the effectiveness of the mitigation strategy. Others may also argue that, changing a mitigation strategy in the middle of a global health crisis creates confusion and causes loss of confidence, resulting in disastrous health outcomes.(2)Scenario 2 (WASH is a critical pillar in fighting COVID-19)

In this scenario, clean water provision, hygiene and sanitation (WASH) are perceived as critical pillars of the public health systems. Hence, WASH programmes should be accorded equal importance, and integrated into existing mitigation programmes. This decision scenario is consistent with the recommendations of an earlier communication targeting low-income countries ([@bb0010]). [@bb0010] recommended the following mitigation measures: (1) decentralised wastewater treatment, (2) community-wide monitoring of SARS-CoV-2 in wastewater, (3) improved sanitation, and (4) developing point-of-use wastewater treatment devices. Those in support of this viewpoint may argue that, the health risks and impacts of COVID-19 are very high and far-reaching. Hence, in the face of imperfect knowledge, developing countries should assume the 'worst-case scenario' and take precautionary measures by integrating WASH to complement existing mitigation measures. Such proponents may also argue that WASH programmes have the potential to bring long-lasting and far-reaching health benefits, not only for COVID-19, but for several other human infections, including future outbreaks of similar pandemics ([@bb0260]). In addition, strengthening the WASH pillar will complement the current control methods based on social distancing, hand hygiene and the use of PPE by reducing human interactions particularly among women and children due to their critical role in household water provision, including water fetching. Moreover, reliable clean water supplies are critical for the recommended frequent and regular hand washing ([@bb0480]). Hence, those in support of this viewpoint may propose that additional resources need to be mobilized to support both WASH and existing social distancing, hand hygiene and the use of PPE.(3)Scenario 3 (new evidence warrants a 'lighter' version of WASH)

This scenario entails that more attention and resources should be paid to social distancing, hand hygiene and the use of PPE, while a 'lighter' version of WASH is implemented to complement existing control measures in light of the new evidence. Here, the term 'lighter' WASH is used relative to scenario 1, and implies promoting basic WASH practices such as proper disposal of human excreta, washing and proper cooking of food and low-cost drinking water treatment without diverting a significant portion of time, effort and resources from current mitigation efforts. Such a viewpoint will reflect the current weight of evidence, uncertainties and constraints posed by limited resources to effectively and simultaneously implement both WASH programmes and social distancing, hand hygiene and the use of PPE. Reliable water supply is also critical to achieve frequent hand washing recommended under the current generic mitigation measures. A survey of recent updates from [@bb0470] seem to subscribe to this viewpoint. For example, [@bb0470], [@bb0475], [@bb0480] does not explicitly recommend the implementation of dedicated WASH programmes as a COVID-19 mitigation strategy. This is probably because WHO does not currently recognize faecal-oral route as a key COVID-19 transmission, as evidenced by its conclusion that 'no evidence' exists on the risk of faecal-oral transmission, while the risk of contamination of drinking water supplies is 'low' ([@bb0470]). Notably, these WHO updates were published before the bulk of the recent evidence presented here, including results in pre-prints were available. Thus, some may argue that, in view of the risk factors and risky practices highlighted, the validity of such statements and WHO updates in developed countries could be questionable.

The scenarios highlighted here suggest that making decisions and specific recommendations in the middle of a crisis is a non-trivial task. The fact that the scientific evidence is rapidly changing, and still characterized by several unknowns and uncertainties further complicates the decision-making process. For similar reasons, the current perspective will not attempt to provide a 'yes' or 'no' answer to the question raised, nor make specific recommendations. Rather, the decision scenarios and their merits were highlighted to stimulate further debate on, and draw attention to the topic. Experts in the epidemiology of infectious viral diseases may provide a more authoritative evaluation of the weight of evidence, and make decisive recommendations. However, whether such decisions and recommendations will be made and implemented under the current COVID-19 pandemic or future similar outbreaks remains unknown. The need to further validate the evidence, and address gaps and uncertainties is apparent.

6.2. Future research directions {#s0120}
-------------------------------

Future research in developing countries should address these knowledge gaps ([Fig. 1](#f0005){ref-type="fig"}):(1)Validating the faecal-oral transmission hypothesis

Several lines of evidences pointing to the possibility of COVID-19 transmission via the faecal-oral route were highlighted, but evidence remains weak and inconclusive. Systematic epidemiological evidence are required to test this hypothesis in developing countries, where faecal contamination of water sources is well-pronounced due several risk factors. Such studies should also determine the relative contribution and significance of the various pathways (i.e., drinking water, vectors, food contamination) to faecal-oral transmission of COVID-19.(2)Wastewater and drinking water-based epidemiology

WBE may provide cues and early insights on the occurrence of COVID-19 in developing countries where analytical equipment for comprehensive clinical screening of humans is scarce. Given that wastewaters are closely coupled to drinking water systems through cross-connections and contamination, WBE can also be extended to drinking water sources. Such WBE studies can be coupled to spatial tools such as geographical information systems to map potential \'hotpots\' and \'hot moments\'.(3)Shell order analysis predictive tools for estimating SARS-CoV-2 persistence

[@bb0180], [@bb0185] have pioneered a potentially interesting and promising tool based on shell order analysis for predicting the transmission and environmental stability of coronaviruses such as SARS-CoV-2 and other viruses. However, the predictive capacity of shell order analysis for SARS-CoV-2 and other viruses has not been fully explored. Thus, further work should investigate the following: (1) potential interactive effects between inherent shell structure of viruses and environmental conditions on the stability of viruses, and (2) validate the predictive capacity of shell order analysis for several other viruses of human health concern, including Ebola virus, Zika virus, Nipah, and HIV, among others. Once the predictive capacity of shell order analysis has been confirmed, this can act as a potential tool to estimate the transmission and environmental stability of future coronaviruses.(4)Occurrence and behaviour of SARS-CoV-2 in the tropics

The bulk of evidence on the occurrence and stability of SARS-CoV-2 is limited to developed countries, which experience predominantly temperate climates. Research is needed to investigate the occurrence, persistence and fate of SARS-CoV-2 in various environmental media in tropical environments in developing regions such as Africa. Such media should include, aquatic and marine foods, wastewater, drinking water sources, and solid wastes from potential sources such as health care facilities, funeral homes, and isolation and quarantine centres.(5)Tracking COVID-19 along the human gut-wastewater-human exposure pathway

Systematic studies are required to track the circulation of SARS-CoV-2 along the human gut-wastewater-human exposure pathways. Emerging tools such as genomics, coupled with in silico techniques and network analysis are ideal for analysis of complex networks. Such information is critical for the development of barriers to stop the transmission along the faecal-oral route.(6)Do SARS-CoV-2 in gut and lung systems represent different sub-types?

SARS-CoV-2 may preferentially colonize either the respiratory system (lung tropism) or the human gastrointestinal tract (gut tropism), resulting in different human health outcomes ([@bb0255]). This raises the question, '*Do the two tropisms reflect contrasting sources and human exposure mechanisms, and if not, what controls the differential distribution within the human body*?'. Currently, it is unclear whether the lung and gut tropisms represent different SARS-CoV-2 sub-types, because RT-qPCR currently used for SARS-CoV-2 determination lack capacity to differentiate between SARS-CoV-2 sub-types. Further studies based on whole genome analysis are needed to address these knowledge gaps.(7)Removal of SARS-CoV-2 in water and wastewater treatment systems

Data on the occurrence, persistence and removal of SARS-CoV-2 in conventional and often overloaded wastewater and drinking water treatment plants in developing countries are scarce. Moreover, barring evidence on effect of heat inactivation/boiling, limited data exist on the capacity of solar disinfection, biosand filtration and ceramic filters to remove SARS-CoV-2 in contaminated drinking water. Low-cost drinking water treatment methods are commonly used by vulnerable communities in developing countries and humanitarian disaster situations. These aspects warrant further research.(8)Predicting potential COVID-19 'hotspots' and 'hot moments'

Modelling studies predominantly conducted in Asia have predicted COVID-19 outbreaks using climatic/weather data, and showed that the number of infections are negatively correlated with temperature ([@bb0415]; [@bb0500]). The bulk of these modelling studies were conducted after outbreaks (i.e., posterior). Therefore, it will be interesting to conduct similar anterior modelling studies using historical data or proxies from remote sensing in regions currently experiencing low infection outbreaks (e.g., Africa) to test the validity and universality of such modelling approaches. Such modelling efforts should focus on predicting areas ('hotspots') and periods ('hot moments') with exceptionally high outbreaks of COVID-19. Such modelling studies may entail using a combination of tools including internet, mobile technologies, spatial tools (GIS), and emerging tools such as genomics and big data analytics (e.g., artificial intelligence).(9)Climatic teleconnections and coronavirus outbreaks

Earth system dynamics and climatic phenomena (e.g., ENSO, La Niña) are often linked to vector and viral disease outbreaks (e.g., Chikungunya, dengue) in tropical Africa, Asia and South America through teleconnections ([@bb0055]). Teleconnections occur when an earth system phenomenon triggers the outbreak of a disease at long distance away. Thus, understanding the earth system-disease inter-relationships and teleconnections with coronavirus such as COVID-19 is critical for better understanding, forecasting, prevention and control of future viral infections.(10)Understanding the human factor in COVID-19 transmission and control

Similar to other pandemics such as HIV/AIDS, perceptions, myths and attitudes among policy-makers, community and religious leaders, practitioners, and the public may play a role in the transmission and control of COVID-19. These perceptions, myths and attitudes, collectively referred to here as the '*the human factor*', could be significant in developing countries, including those in Africa. This is due to strong socio-cultural and religious beliefs, and gender norms, which are not as strong in developed countries. Yet an in-depth understanding of the perceptions, myths and attitudes towards the transmission and control of COVID-19 is still lacking.

6.3. Testing the faecal-oral transmission hypothesis in developing regions {#s0125}
--------------------------------------------------------------------------

Epidemiological evidence is required to validate the COVID-19 faecal-oral transmission hypothesis, and address related knowledge gaps highlighted here. The formal hypothesis to guide such research can be formulated thus, '*The faecal-oral route significantly contribute to COVID-19 transmission, and the contribution of this transmission mechanism is more pronounced in developing countries with poor water/wastewater, sanitation and health care systems and infrastructure than their developed counterparts*.' One may speculate that, if the hypothesis is true, then global hotspots of water-borne diseases particularly cholera and typhoid such as Zimbabwe could be the next epicentres of COVID-19. Conversely, if the null hypothesis is true, no peculiar patterns in COVID-19 outbreaks will be evident in global hotspots of water-borne diseases relative to other regions.

The physical location of such research presents a challenge, because conditions promoting COVID-19 faecal-oral transmission in developing regions in Africa, south-east Asia and South America are not juxtaposed with the availability of advanced research systems, which are found in developed countries. The current author argues that, research to validate the faecal-oral hypothesis, and address the several knowledge gaps highlighted here is best conducted in developing regions due to the several risk factors and practices discussed. In view of these risk factors and practices, coupled with predominantly tropical environments favouring a high vector and disease burden, developing regions can be conceptually viewed as a '*human-dominated large-scale laboratory*' ideal for testing various hypotheses on human epidemiology. Here, the notion of viewing developing regions as '*a human-dominated large-scale laboratory*' is not meant in any way to downplay the need to consider and address ethical, transparency, fairness, consent and cultural considerations in conducting such research. Rather, this notion is solely meant to demonstrate the appropriateness of such settings to investigate the highlighted hypotheses. This proposition resonates well with earlier suggestions by the current and other authors ([@bb0070]; [@bb1015]). For example, [@bb0070] pointed out that, two regions are ideal for conducting large-scale epidemiology research on infectious disease outbreaks: (1) south-east Asia, because of the intimate co-existence and interactions between humans and animals, and (2) sub-Saharan Africa, due to the prevalence of several risk factors including the greatest burden of infectious diseases. Moreover, both regions have some of the worst social security and health care systems, weak or non-existent environmental and public health surveillance systems, and endemic poverty.

Proposals that research on the epidemiology of certain human infectious diseases is best conducted in certain geographical regions (south-east Asia and Africa in this case) are often met with strong revulsions based on long-standing mistrust and historical racial connotations. Yet in some instances, including the current one on faecal-oral transmission of COVID-19, developing regions could provide the ideal biophysical and socio-economic settings for generating the epidemiological evidence to address this hypothesis. This then creates a dilemma: on the one hand, any research on the subject initiated and coordinated by foreign researchers may face strong resistance from governments in developing countries and rights activists. On the other hand, on their own, low income countries have limited capacity to implement comprehensive research to address the knowledge gaps highlighted. This is due to severe lack of funding, research infrastructure such as analytical equipment, and expertise. In addition, research involving infective SARS-CoV-2 may require strict biosafety controls exceeding level 2, which are often lacking in developing countries. Hence, the best compromise could be collaborative projects bringing together foreign scientists, local scientists and international agencies such as WHO. In such joint projects, international scientists, developed countries and international agencies may provide the bulk of resources including funding and expertise. To ensure transparency, and build trust among the various partners, the actual research should be designed and implemented jointly by local and foreign scientists with the participation of relevant institutions and regulatory agencies in developing countries. The research outputs from such joint projects should be shared fairly, and widely disseminated. Mechanisms are also need to be developed on how any intellectual property rights, including vaccines, arising from such projects will be shared among the partners.

7. Concluding remarks {#s0130}
=====================

The current perspective examined recent evidence to show that SARS-CoV-2 colonize and proliferate in the human gastrointestinal system, which acts as a reservoir of SARS-CoV-2. The SARS-CoV-2 is then shed into the environmenta via open defaecation, on-site sanitation facilities, and wastewater or sewer systems via faeces. Wastewater-based epidemiological evidence confirms the occurrence and the persistence of SARS-CoV-2 RNA in wastewaters. The circulation of SARS-CoV-2 among the human population may even precede the manifestation of symptoms, and the first official reports of COVID-19 cases. This recent evidence seems to support the COVID-19 faecal-oral transmission hypothesis particularly in developing countries. The notion of faecal-oral transmission seems to be further corroborated by results of shell disorder analysis and modelling, which indicate persistence and the potential for faecal-route transmission. The faecal-oral route is not a single pathway, but rather, consists of multiple potential sub-pathways; (1) contaminated drinking water, (2) contaminated marine and aquatic foods, and (3) vector-mediated transmission from faecal sources to food. Collectively, these findings could be significant in the following respects: (1) provide new insights on the potential transmission of COVID-19, and (2) highlight the potential need for precautionary control measures in developing countries. Due to several risk factors and risky practices, the possibility for COVID-19 faecal-oral transmission and the corresponding adverse human health outcomes could be putatively higher in developing than developed countries. Several precautionary barriers to prevent faecal-oral transmission were highlighted. Specifically, clean water provision, coupled with proper sanitation, hygiene, and waste and wastewater management practices could be potential critical control points, which can complement current efforts in the fight against COVID-19. Finally, decision scenarios and future directions were highlighted.
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